Introduction
Chromatin-mediated silencing is a form of transcriptional repression that renders loci in certain genomic positions inaccessible to RNA polymerase II (RNA Pol II)-mediated transcription (reviewed by Rusche et al. [2003] ). In yeast, silenced domains also have reduced rates of recombination and replicate later in S phase than active domains. This reduced functionality is thought to result from a compact chromatin structure, which can be monitored as reduced accessibility for enzymatic probes such as the HO endonuclease, DNase I, DNA methyl-transferases, and restriction enzymes.
Transcriptional silencing in Saccharomyces cerevisiae occurs at three chromosomal regions: the cryptic mating-type loci (HMR and HML), subtelomeric regions (called telomeric position effect, or TPE; [Gottschling et al., 1990] ), and within the repetitive ribosomal DNA repeat (called rDNA position effect, or RPE; [Bryk et al., 1997; Smith and Boeke, 1997; Fritze et al., 1997] ). Repression in these genomic regions requires three Silent information regulatory (SIR) loci. The proteins Sir2p, Sir3p, and Sir4p are essential for silencing at HM and telomeric sites, whereas only the NAD-dependent histone deacetylase Sir2p is involved in rDNA repression. Loss of Sir2p, but not of Sir3p or Sir4p, leads to hyperrecombination in the rDNA repeats and derepression of RNA Pol II-transcribed genes placed within the locus (Gottlieb and Esposito, 1989; Bryk et al., 1997; Smith and Boeke, 1997) .
A widely accepted model for the establishment of TPE proposes that Sir4p is first recruited to telomeres by both the telomere repeat binding protein Rap1p and the DNA end binding heterodimer yKu (reviewed by Gartenberg [2000] ). The interaction of Sir2p with telomere bound Sir4p leads to the deacetylation of the N-terminal tails of histones H3 and H4 in subtelomeric regions (Robyr et al., 2002) . This precedes the assembly and inward spreading of Sir2p, Sir3p, and Sir4p along the nucleosomal fiber, presumably forming a complex that represses telomere-proximal genes (Hecht et al., 1995; Strahl-Bolsinger et al., 1997) . In support of this model, it was shown that only Sir4p can bind telomeres independently of the other Sir proteins, Sir2p recruitment requires Sir4p, and the loading of Sir3p depends on both Sir4p and on Sir2p's deacetylase activity (Bourns et al., 1998; Hoppe et al., 2002; Luo et al., 2002; Tanny et al., 2004; Rudner et al., 2005) .
Sir3p and Sir4p were shown by various means to interact with each other, and impaired interaction disrupted silencing (Marshall et al., 1987; Moretti et al., 1994; Rudner et al., 2005) . However, attempts to purify the SIR complex led to the isolation of a complex containing Sir2p and Sir4p but little or no Sir3p (Ghidelli et al., 2001; Hoppe et al., 2002; Tanny et al., 2004) . More recent work confirmed that the three Sir proteins could be coimmunoprecipitated from yeast extracts (Rudner et al., 2005) and interactions reconstituted on columns using overexpressed components (Liou et al., 2005) . The addition of NAD and acetylated histone substrate seemed to enhance weak interactions between Sir3p and a solid-phase Sir2-Sir4 complex, but purification and sizing of the holocomplex was not possible. Here, we isolate a w350 kDa heterotrimeric SIR complex that contains one molecule each of Sir2p, Sir3p, and Sir4p, in the absence of substrate or cofactors. Furthermore, this stable, Baculo-expressed SIR heterotrimer is catalytically active for the deacetylation of histone N termini.
NAD-dependent lysine deacetylation is catalyzed by Sir2p, the founding member of a universally conserved family of enzymes. Substrates and subcellular locations of Sir2p homologs vary significantly, yet all share a catalytic core that hydrolyses NAD to yield nicotinamide, O-acetyl ADP, and deacetylated lysines (reviewed in Blander and Guarente [2004] ). Whereas silencing at telomeres requires all three Sir proteins, Sir2p acts independently of Sir3p and Sir4p in the nucleolus. Consistently, a second Sir2p complex that contained Cdc14p and Net1p, a protein necessary for recruiting Sir2p to the nucleolus, was isolated from yeast (Straight et al., 1999; Ghidelli et al., 2001; Tanny et al., 2004) .
Several lines of evidence suggest that rDNA repression competes with mating-type and telomeric repression for a limiting pool of Sir2p. For instance, the efficiency of RPE could be improved by deleting SIR4 , and both the Sir2p-dependent mislocalization of Sir3p to the nucleolus and the overexpression of Sir4p (Cockell et al., 1998; Smith et al., 1998) disrupted RPE, apparently by competing for Sir2p. Finally, expression of a chimera of yeast Sir2p and human SIR2A improved rDNA silencing at the expense of TPE (Sherman et al., 1999) . These considerations argued that it should be possible to genetically separate and characterize two distinct silencing domains within SIR2.
In an attempt to do this, Cuperus et al. (2000) isolated mutant versions of Sir2p that could promote only RPE or only TPE. All the characterized mutations lay outside the core domain of Sir2p and in most cases affected Sir2p's ability to bind either Net1p or Sir4p. Although these mutations separated Sir2p functionality by interfering with its subnuclear localization, other mutations of the Zn-finger forming cysteine residues, or the histidine 364 mutation in the core domain, disrupted silencing at both sites (Sherman et al., 1999; Tanny et al., 1999 Tanny et al., , 2004 . Indeed, to date, no mutations in Sir2p's enzymatic core were found to affect TPE and RPE differentially.
Here, we describe a point mutation in the conserved core domain of Sir2p (sir2
P394L
, mutant protein called sir2L), which selectively abrogates RPE. We show that wild-type Sir2p, but not the sir2L mutant, can be isolated as a stable homotrimer. Importantly, rescuing the homotrimerization of the sir2L protein restores rDNA silencing. On the other hand, sir2L, like wild-type Sir2p, participates in an enzymatically active heterotrimeric SIR complex and supports TPE. We thus identify a specific domain of Sir2p necessary for the formation of homotrimeric complexes. This homo-/heterotrimeric switch may be a generalized mode of Sir2p regulation.
Results
Purification of the Heterotrimeric SIR Complex Containing Sir2p, Sir3p, and Sir4p Based on the hypothesis that a holocomplex of Sir2p, Sir3p, and Sir4p mediates silencing in yeast, we set out to purify this complex for biochemical analysis. Insect cells were infected at optimized ratios with three viruses, each expressing a different Sir protein. To favor purification of a holocomplex, we fused the least efficiently expressed component, Sir4p, with the TAP tag (Rigaut et al., 1999) and purified the complex over a calmodulin column ( Figure 1A ). We coexpressed full-length Sir3p, with or without a hemaglutinin epitope (HA), and a 6His-Flag-Sir2p (Ghidelli et al., 2001 ). All constructs were fully functional for TPE, when expressed under their endogenous promoters in yeast bearing appropriate deletions ( [Ghidelli et al., 2001] ; Figure S1 available in the Supplemental Data with this article online, and data not shown). (A) Flag, HA, 6-histidine, or TAP tags were fused to the complete SIR2, SIR3, and SIR4 genes creating fusion proteins of the indicated size. All fusions complement TPE in the appropriate null allele ( Figure S1A , Ghidelli et al. [2001] , and data not shown). The Sir3-HA construct (kind gift of R. Kamakaka, Bethesda, MD) and an untagged Sir3p construct gave identical results and were used interchangeably. (B) After coexpression in insect cells, the Sir2-3-4 complex was purified over a calmodulin affinity column. Input (IN), flowthrough (FT), and peak elution fractions were analyzed by 8% SDS-PAGE and stained by Coomassie blue. (C) Peak elution fractions were applied to a 0%-30% sucrose gradient, and even fractions were analyzed by 10% SDS-PAGE. Positions of native protein standards are indicated above the Coomassie blue-stained gel. Gels were scanned for protein intensities, which are shown graphically. Based on the size of the sedimenting complex, and the known molecular weights, the holocomplex must contain one molecule of each Sir2p, Sir3p, and Sir4p.
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When coexpressed, all three Sir proteins were recovered in a 0.3 M NaCl eluate from the calmodulin column, which itself only bound the Sir4-TAP molecule (Figure 1B) . Western blots with polypeptide-specific polyclonal antibodies confirmed that the copurifying components were indeed Sir2p, Sir3p, and Sir4p. To examine the size of this SIR complex and its subunit stoichiometry, the eluted fractions were combined and subjected to density sedimentation analysis on a calibrated 0%-30% sucrose gradient. Gradient fractions were analyzed on a 10% polyacrylamide gel stained with Coomassie blue ( Figure 1C ). The purified Sir proteins sedimented as two distinct complexes with molecular weights of 230 kDa and 330 kDa, based on a gradient calibrated with native marker proteins ( Figure 1C , indicated by stars). The smaller complex contained Sir2p and Sir4p only, whereas the larger contained all three Sir proteins. Given the sedimentation coefficient of the complex, the relative intensity of the bands determined by scanning, and the known molecular weights of the Sir proteins (Sir2p, 65 kDa; Sir3p 113 kDa; and Sir4-TAP, 187 kDa), we calculate that the larger complex is a single heterotrimer consisting of Sir2p, Sir3p, and Sir4-TAP in a 1:1:1 ratio.
When the fraction containing this heterotrimer was resedimented through a second sucrose gradient, w60% of Sir4-TAP remained in the heterotrimeric complex, while the rest was in a heterodimer with Sir2p. Only minor amounts of the Sir3p monomer were detected, arguing that Sir3p is the least tightly bound of the three components. A recent study has shown that the interaction of Sir3p with Sir2p-Sir4p in vitro can be enhanced by adding substrate and NAD (Liou et al., 2005; Rudner et al., 2005) . Our data do not contradict this but demonstrate that a heterotrimeric Sir complex can be stable in the absence of detectable cofactors (Figure 1 ).
Purified Sir2p Forms a Homotrimer
Previous studies have shown that yeast Hst2p, a cytosolic member of the Sir2 family, forms a homotrimer (Zhao et al., 2003) . Based on the lack of sequence similarity outside the conserved core domain among Sir2 family members (Figure 2A) , Zhao et al. proposed that this trimeric structure might be unique to Hst2p. To determine whether full-length Sir2p forms higher-order complexes, we expressed and purified 6His-Flag-Sir2p to homogeneity and assessed its molecular mass by sedimentation on sucrose gradients (Figure 2 ). After elution from a Ni-affinity column, Sir2p migrated as a single 65 kDa band of w90% purity ( Figure 2C ). However, by density gradient sedimentation, the size of the Sir2p complex could be estimated to be w175 kDa ( Figure 2D ). Given that there were no significant contaminants in the Sir2p-containing fraction, and that we estimated the size of the complex to be nearly three times the molecular weight of the monomer, we conclude that yeast Sir2p, like Hst2p, forms a stable homotrimer. The existence of an oligomeric state for Sir2p was confirmed by crosslinking with glutaraldehyde and subsequent analysis by SDS-PAGE ( Figure S2A ).
TPE and Mating-Type Repression Tolerate the sir2
P394L Mutation Because the trimeric structure of Hst2p was proposed to have a regulatory function (Zhao et al., 2003) , we next examined if this homotrimeric structure affects Sir2p function in vivo. We mutated SIR2 by degenerate PCR, with the aim of finding a core domain mutation that would separate its ability to function at telomeres from its role in the rDNA. One of the mutants we recovered bears a single amino acid substitution at position 394 (proline to leucine substitution), positioned between two essential cysteine pairs in the Sir2p core domain (sir2L; Figures 2A and 2B ). To create a nonfunctional form as a negative control, we coupled this mutation with a tyrosine substitution for one cysteine of the conserved Zn 2+ finger (aa 372), yielding sir2 C372Y-P394L (sir2YL). Loss of the Zn 2+ finger appears to alter the protein folding, leading to a stable but misfolded protein. Despite these mutations, Sir2p, sir2L, and sir2YL proteins were recovered at similar levels in yeast when expressed from identical promoters in a sir2D background ( Figure S2B ).
Phenotypic analysis of the sir2 mutants was performed by expressing them individually in a sir2D background and scoring TPE at the Tel VII-L::URA3 reporter gene. Only cells expressing either wild-type Sir2p or sir2L failed to grow on uracil-free SD medium, indicating that the subtelomeric URA3 gene was efficiently repressed ( Figure 3A , first panel). In this assay, all Sir2 forms were placed downstream of a GAL10 promoter, and on glucose-containing media, expression levels were close to that of endogenous Sir2p (data not shown). In transformed strains, URA3 repression was scored by monitoring growth on medium containing 5-FOA, which is converted to toxic 5-FU by the URA3 gene product. As shown in Figure 3A (second panel), both wild-type Sir2p and sir2L confer URA3 repression and growth on 5-FOA, although in this assay, sir2L was roughly 10-fold less efficient than Sir2p. The empty vector and sir2YL do not mediate repression.
We asked whether the mutations impair TPE because they have an altered deacetylation activity or because they are inefficiently recruited to telomeres. To address this point, Sir2p and its variants were expressed as fusions to the DNA binding domain of Gal4p (GBD), which does not interfere with Sir2p's repressive function, but which ensures recruitment to the telomere (see Sir2p, Figure 3A ). Four Gal4 binding sites were inserted near the Tel VII-L::URA3 reporter adjacent to the TG repeat ( Figure 3A , third panel). Under these conditions, sir2L supported TPE as efficiently as Sir2p, indicating that the mutant is fully competent for subtelomeric repression. We conclude that sir2L, unlike sir2YL, is able to mediate histone tail deacetylation and participate in the holo-SIR complex.
A similar pattern of repression was scored for wildtype and mutant GBD-Sir2 fusions when they were targeted to a partially compromised HML silent cassette ( Figure 3A , fourth panel). This result could be confirmed for the unmodified silent mating-type loci by a performing a quantitative mating assay. In brief, a MATa tester strain was mixed with a sir2D MATa strain that expressed either wild-type or mutant forms of Sir2p. If HM loci are properly silenced, the cells will mate and thereafter grow on selective medium. Mating efficiency was fully restored by Sir2p and sir2L, but not by sir2YL. This was true even in a tester strain that bears far1c, a mutation that promotes mating under unfavorable conditions (Valtz and Peter, 1997; Figure 3B ).
Finally, to confirm that the mutant sir2L localizes efficiently to telomeres on its own, we performed chromatin immunoprecipitation (ChIP) assays with affinity-purified anti-Sir2 antibodies in sir2D strains that express wildtype and mutant Sir2 variants without GBD. The enrichment at telomeres over a nonsilenced site was quantified by real-time PCR, with product accumulation rates being compared in the linear range of the assay. We note that sir2L is recovered at a site 0.6 kb from the TG repeat of telomere VI-R at levels comparable to wild-type Sir2p, whereas the nonfunctional sir2YL was not ( Figure 3C ). We conclude that the mutant sir2L is bound to subtelomeric loci as a functional Sir2-3-4 complex and supports TPE with almost wild-type efficiency.
RPE Is Compromised by the Mutation sir2 P394L
We next tested these sir2 mutants for their ability to support rDNA silencing. We inserted a double reporter (C) HA-6His-Sir2p was expressed in insect cells and purified over a Ni-affinity column. A Coomassie blue-stained 8% SDS-PAGE gel is shown as in Figure 1B . (D) Purified Sir2p was analyzed on a 0%-30% sucrose gradient as in Figure 1C (right). The peak of Sir2p (175 kDa) correlates with a homotrimer.
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cassette containing both mURA3 and HIS3 reporters into the 18S rDNA gene and scored for transcriptional repression by lack of growth on uracil-deficient medium . If cells failed to grow on medium lacking uracil, the control colonies were replica plated onto histidine-free medium to confirm that there was no reporter cassette loss through recombination .
Using galactose-inducible constructs, we found that the wild-type SIR2 gene restored RPE in a complete sir2 deletion ( Figure 4A , sir2D, compare pJG45 and Sir2), whereas neither sir2L, sir2YL, nor the enzymatically inactive mutant sir2 H364Y could complement sir2D on either galactose ( Figure 4A ) or glucose-containing media ( Figure S3 ). Replica plating on histidine-deficient medium excluded any recombination events, and Western blots showed that both wild-type and mutant proteins were expressed at similar steady-state levels (Figure S2B and data not shown). We conclude that sir2L is not functional for RPE, although it functions efficiently in TPE and HM repression (Figure 3) .
A loss of RPE could either reflect mislocalization or an inability to modify rDNA-specific substrates. To test the former, we used a double-immunostaining procedure that localizes both Sir2p and the nucleolar marker Nop1. Interestingly, besides being present at telomeric foci, sir2L was highly enriched in the nucleolus, despite its inability to confer RPE ( Figure 4C ). Previous studies showed that Net1p sequesters Sir2p in the nucleolus by interaction with the Sir2p N-terminal domain, which shown. Sir2 variants were tested for their ability to silence at various loci in sir2D strains transformed with the indicated vector (pJG45 or pGBT9) alone or with the indicated insert. Serial dilutions (103) were spotted onto appropriate media (SD-trp) 6 5-FOA or 6 uracil. (B) Mating phenotypes of a sir2 strain (GA-1284) transformed with plasmids bearing the indicated Sir2 variant. Diploid formation permits growth on SD medium and is supported by Sir2p and sir2L, which were patched onto a lawn of sir2 MATa tester cells, with or without far1c (Valtz and Peter, 1997) . (C) ChIP was performed for Sir2 variants expressed from pRS315 in a sir2D strain (GA-1536) by using affinity-purified anti-Sir2 antibodies. Quantitation real-time PCR using primers at 0.6 kb from Tel VI-R is described in the Experimental Procedures.
is intact in sir2L (Cockell et al., 2000; Straight et al., 1999) . Thus, we deduce from its proper localization that sir2L can bind both Net1p and Sir4p. In contrast, sir2YL stains the nucleoplasm, being neither enriched nor excluded from the nucleolus ( Figure 4C ).
sir2L Contributes to RPE in a SIR2
+ Strain To understand the sir2L defect, we next analyzed its activity and structure in the presence of wild-type Sir2p. As previously shown (Cockell et al., 1998) , rDNA silencing can be enhanced in a SIR2 + strain, by adding a further (D) ChIP was performed for the NTS region within the rDNA repeat by using affinity-purified anti-Sir2 for the sir2D strain (GA-759, top) or with anti-HA in the SIR2 + strain (GA758, bottom) expressing the indicated HA-tagged Sir2 variants from vector pJG45. PCR is described in the Experimental Procedures.
Molecular Cell 6 copy of SIR2 ( Figure 4A ). We next tested whether this was also true for the sir2L mutant in a SIR2 + background. As shown in Figure 4A , the noncomplementing sir2YL, like the enzymatically inactive form sir2 H364Y (Tanny et al., 1999 (Tanny et al., , 2004 , has the opposite effect: it is dominant negative for RPE when expressed in the presence of Sir2p, disrupting the endogenous levels of repression ( Figure 4A ). In striking contrast, sir2L expression improved RPE in a SIR2 + background, although not as efficiently as a second copy of SIR2 ( Figure 4A) . Similar results were obtained on glucose-containing media ( Figure S3A ), suggesting that the sir2L mutant becomes functional for RPE in the presence of wild-type Sir2p.
There are at least two scenarios that can explain this result: (1) either wild-type Sir2p incorporates sir2L into an oligomer and allosterically ''repairs'' sir2L, allowing it to participate in RPE, or (2) sir2L coexpression could release wild-type Sir2p from other complexes, freeing it to improve repression in the rDNA. To distinguish between these two modes of action, we used ChIP to monitor the direct participation of sir2L at the nontranscribed spacer (NTS) of the rDNA. Mutant sir2 protein binding was analyzed in sir2D and SIR2 + strains. In the SIR2 + strain, we can distinguish the mutant and endogenous forms of Sir2p by performing ChIP with anti-HA to detect the HA-tagged mutant forms.
In the sir2D strain, only wild-type Sir2p associated significantly with the rDNA as monitored by quantitative, real-time PCR (Figure 4D, top) . In the SIR2 + background, on the other hand, both wild-type and the mutant sir2L associated with the rDNA, at roughly equivalent levels ( Figure 4D, bottom) . In contrast, sir2YL shows no significant association with the rDNA (Figures 4C and 4D ). From this, we propose that in the SIR2 + background, the wild-type Sir2p protein is able to facilitate incorporation of sir2L into a repressive chromatin structure, possibly reflecting mixed wild-type/mutant trimers.
Assuming that the intact Sir2p converts sir2L into a form that supports RPE, we next tested whether the same allosteric event could be mediated by the enzymatically inactive mutant sir2
H364Y
. The sir2 H364Y form was previously shown to localize appropriately at repression sites, yet due to its enzymatic inactivity, it failed to spread and silence transcription at telomeres or in the rDNA (Tanny et al., 1999 (Tanny et al., , 2004 . We expressed the sir2L mutant with the active-site-deficient sir2 H364Y form in a sir2D background and found, remarkably, that the two RPE-deficient mutants restored rDNA represssion when they were present in roughly equal amounts (Figure 4B ). This complementation was not observed when sir2YL and sir2 H364Y were coexpressed, arguing against a simple ''saturation'' effect due to higher protein levels. We also note that when sir2 H364Y and SIR2 were expressed at equal levels, i.e., both under galactose induction, the dominant-negative effect of the inactive enzyme is lost. Most striking, however, is the intermolecular complementation between sir2 H364Y and sir2L, because neither mutant alone supports RPE. We propose that a structural deficiency found in the sir2L mutant is either corrected or substituted in trans by sir2 H364Y and that sir2L in turn provides the deacetylase activity required for gene repression. This complementation suggests that Sir2p acts as an oligomer. A similar argument could explain why sir2L enhances RPE when coexpressed with Sir2p ( Figure 4A ).
Participation of sir2L in a Homotrimer Requires Wild-Type Sir2p
What is the structural defect of the sir2L mutant? Can we observe a change in its tertiary organization upon coexpression with Sir2p? To examine this model, we purified sir2L from insect cells, just as we purified Sir2p, and analyzed its oligomeric structure by density gradient centrifugation. The same procedure was then applied to sir2L coexpressed with wild-type Sir2p. The mutant protein alone had an altered sucrose density gradient sedimentation profile: rather than forming a globular structure with a peak at 175 kDa like wild-type Sir2p (Figure 2D) , sir2L was recovered across many gradient fractions, peaking at 290 kDa ( Figure 5A ). This suggests that it forms irregular multimeric aggregates (R4 molecules). We concluded that sir2L alone fails to assume the stable homotrimeric organization characteristic of wild-type Sir2p.
The wild-type 6HIS-HA-Sir2p was then coexpressed with Flag-sir2L, purified over Ni-affinity columns, and analyzed by sucrose density gradient centrifugation. Gradient fractions were probed either with anti-HA to detect the wild-type Sir2p, or with anti-Flag to follow sir2L ( Figure 5B ). As expected, the wild-type enzyme peaks at 175 kDa, corresponding to a trimer (star, Figure 5B, top) . When coexpressed with wild-type Sir2p, large sir2L multimers were detected spreading through fraction 20, along with a second, distinct peak in fraction 10, which corresponds precisely to homotrimeric Sir2p (w175 kDa; Figure 5B ). Perhaps because wild-type Sir2p is expressed better than sir2L in insect cells, only a fraction of sir2L shifted to the trimeric form. Nonetheless, the change in the oligomeric structure of sir2L upon coexpression with wild-type Sir2p is consistent with the model based on functional complementation data that suggest the presence of mixed trimers. In brief, the incorporation of sir2L into a trimer correlates with an acquired ability to function in RPE when coexpressed with either wild-type Sir2p or sir2 H364Y ( Figures 4A and 4B ).
Mutant sir2L, Sir3p, and Sir4p Form a Functional Heterotrimer with Deacetylase Activity
Essential support for this interpretation would be to show that sir2L retains NAD-dependent deacetylase activity. Because sir2L complements the sir2D deficiency for TPE (Figure 3) , this was likely to be the case, yet it needed to be demonstrated by isolating an enzymatically active heterotrimeric SIR complex containing sir2L. Flag-sir2L was coexpressed with Sir3p and Sir4-TAP in insect cells and recovered the complex from the cell lysate by a two-step purification. We first purified complexes containing Sir4-TAP over a calmodulin column ( Figure 5C , Calmodulin), and from the eluate, we recovered sir2L-containing with anti-Flag (M2)-coated beads. The sir2L mutant elutes in near equimolar ratio with Sir3p and Sir4-TAP from the antibody beads (Coomassie blue-stained gel, Figure 5C ). Although the amount of complex recovered by immunoprecipitation was too little for sucrose gradient analysis, sir2L is clearly incorporated into a stable heterotrimeric complex, with roughly the same Sir protein composition as the wild-type complex (Figure 1 ). This fraction presumably contains both the sir2L-3-4 as well as the sir2L-4 complex. Thus, consistent with its ability to function in TPE, sir2L forms a stable heterotrimeric Sir complex.
To confirm enzymatic activity, we tested the sir2L-containing complexes for NAD-dependent histone deacetylation relative to the wild-type Sir2p homo-and heterotrimeric SIR complex. Histone deacetylation assays were performed in vitro with purified Sir2p or sir2L alone, or in complex with Sir4p and Sir3p, on chemically acetylated, recombinant Xenopus histone octamers. Incubations were carried out with or without NAD and enzyme, and reaction products were analyzed by Western blotting for specific acetyl-lysine residues. Deacetylation was quantified and normalized to histone recovery. We find that histone H4K12 is rapidly deacetylated in the presence of very low levels of recombinant Sir2-Sir4 complex, whereas deacetylation of the same substrate required ten times more Sir2p alone ( Figure 6A ). The same result was observed for the NAD-dependent deacetylation of histone H3 K9 ( Figure 6C ) and histone H4 K16 (data not shown). This extends a previous report showing that Sir2p activity can be enhanced by adding fragments of Sir4p (Tanny et al., 2004) .
We show that the holo-SIR complex (Sir2-3-4) is less active than Sir2-Sir4 for all substrates tested (Figure 6 ). This may be due to steric hindrance for substrate binding or a slight inhibitory effect of Sir3p on the Sir2-Sir4 dimer. Nevertheless, we conclude that interaction with full-length Sir4p dramatically stimulates the activity of Sir2p, possibly by liberating its substrate binding site (see Figure 7) .
Finally, we show that sir2L retains NAD-dependent deacetylation activity in complex with Sir3p and Sir4p (A) Mutant sir2L was expressed in insect cells, purified over a Ni-affinity column, and separated on 0%-30% sucrose density gradients. Even fractions were analyzed on 10% SDS-PAGE gels, followed by Western blotting with anti-Flag. Positions of size standards are indicated above the graph, on which we plot the intensity of the protein signal recovered in each lane as quantified by Quantity One software (Biorad). Values for every other fraction for Sir2p or sir2L are shown. (B) Coexpressed HA-Sir2p (a kind gift of R. Kamakaka, Bethesda, MD) and Flag-6His-sir2L were purified over a Ni-affinity column. Gradient analysis is as in (A), but blots were probed with either anti-HA or anti-Flag antibodies as indicated. (C) Purification of the holo-SIR complex containing Flag-sir2L after coexpression in insect cells. Sir4-TAP bound proteins were first purified over a calmodulin affinity column and then immunopurified with anti-M2 (Flag epitope) beads. Coomassie blue-stained fractions are shown for wholecell extract (Total), calmodulin elutions (Calmodulin), and the immunoprecipitated fraction (aFlag).
Molecular Cell 8
( Figures 6B and 6D) . Moreover, although the homotrimer of wild-type Sir2p was active in vitro, sir2L expressed alone had no detectable deacetylase activity for H4K12 ac or for other acetylated residues ( Figure 6B and data not shown). We propose that the sir2L mutation interferes with RPE by impairing proper homotrimerization, which in turn impairs sir2L's deacetylation activity. The inactivity of sir2L can be overcome either by coexpression with wild-type Sir2p, which incorporates sir2L into a trimer, or by the incorporation of sir2L into the Sir heterotrimer. Genetic studies, coupled with the biochemical data, thus argue that both trimeric forms are physiologically relevant. Thus, whereas sir2L is inative alone, it forms active heterotrimeric complexes with Sir3p and Sir4p, which allows it to participate in TPE and HM repression. Importantly, both the sir2L RPE defect and its inability to form a homotrimer can be restored in trans by wild-type Sir2p. (A) Sir2, Sir2-Sir4, and Sir2-3-4 complexes (amounts indicated are based on Sir2p present in each fractions) were incubated with purified Xenopus histone octamer 6125 mM NAD. Histone H4K12 deacetylation was monitored on a Western blot with appropriate antibodies, and uniform loading was monitored by Coomassie blue (data not shown). (B) As in (A) with Sir2p or sir2L alone or in complex with Sir3p and Sir4p; the amounts of protein used are indicated on the right. (C) As in (A) except that the histone H3K9 deacetylation is monitored. (D) Sir2-3-4 and sir2L-3-4 (mg indicates amount of Sir2p present in the fraction used) were incubated with purified Xenopus histone octamer 6125 mM NAD for the indicated minutes. Histone H3K9 deeacetylation was monitored by Western blot, and protein signals were quantified with Quantity One software (Biorad) and plotted versus time. This model portrays the known Sir2p complexes and their functions in budding yeast. The Sir2p homotrimer may be required for translocation or assembly within the nucleolus. Sir4p (dark blue squares) and Sir3p (green ellipses) antagonize the Sir2p homotrimer formation (pink circles). Arrays of telomeric Rap1p (light blue) recruit either the SIR holocomplex, or the Sir2-Sir4 complex, allowing histone H4K16 deacetylation and the spreading of the Sir complex along subtelomeric histones. In the nucleolus, Net1p or another loading factor may recognize specifically the Sir2p homotrimer to load it onto rDNA.
Discussion
The Sir proteins are some of the best-characterized repressors of eukaryotic gene expression, and Sir2p is one of the most universally conserved of chromatinmodifying enzymes (Frye, 2000) . Yet even in yeast, the two distinct modes of repression mediated by Sir2p remain uncharacterized at a structural/biochemical level. The two modes of repression occur in spatially segregated nuclear subcompartments (reviewed in Cockell and Gasser [1999] ), and genetic data argue that the mechanisms are distinct. Subtelomeric silencing is exquisitely sensitive to the balanced expression of Sir2p, Sir3p, and Sir4p proteins (reviewed in Rusche et al. [2003] ), whereas the rDNA repression complex cannot be saturated or disrupted by Sir2p overexpression (Cockell et al., 2000) . Indeed, mutation of sir4 actually increases RPE . In addition, point mutations in SIR2 were shown to selectively impair one type of repression or the other, due to a locus-specific mistargeting of Sir2p (Cuperus et al., 2000) . Nonetheless, both repression mechanisms require NAD-dependent histone deacetylation and propagation of an ordered chromatin structure (Fritze et al., 1997; Hecht et al., 1996; Strahl-Bolsinger et al., 1997) . Understanding the different higher-order structures that silence chromatin will be a major advance for the field of transcriptional control.
For years, attempts to isolate the SIR complex from yeast met with limited success. Differential fractionation identified Sir2p-containing complexes, but holocomplexes were difficult to purify. Even when Sir2p and Sir4p could be recovered together in a fraction, Sir3p was generally absent (Ghidelli et al., 2001; Tanny et al., 1999 Tanny et al., , 2004 Liou et al., 2005) . Both the Sir2-Net1 and the Sir2-Sir4 complexes appeared large and complex (800-1000 kDa, with up to 20 copurifying proteins; [Ghidelli et al., 2001; Tanny et al., 1999] ), and Sir3p alone formed multimers upon overexpression (Georgel et al., 2001; Hoppe et al., 2002; Liou et al., 2005) . Although both a Sir2p-Sir4p-containing fraction and recombinant Sir3p could independently associate with nucleosomes in vitro (Ghidelli et al., 2001; Georgel et al., 2001) , this assembly did not shed light on the basic unit of repressed chromatin structure. This resistance to biochemical characterization stood in contrast to extensive ChIP and genetic studies of silent chromatin, which argued strongly that Sir2-3-4 should be recovered as a stable complex (Hecht et al., 1995 (Hecht et al., , 1996 Strahl-Bolsinger et al., 1997; Ivy et al., 1986; Marshall et al., 1987) .
Here, we have purified the holo-SIR complex and the Sir2p homotrimer from Baculo-viral-infected insect cells, isolating large amounts of highly purified complexes. Full-length and fully functional forms of Sir proteins are used. The Sir2-3-4 heterotrimer is stable in the absence of added substrate or NAD, and sedimentation analysis indicates that the basic SIR complex unit is a single heterotrimer, with one copy of each Sir protein. We confirm that Sir3p is the least tightly associated factor (Ghidelli et al., 2001; Tanny et al., 2004) , and we do not exclude that Sir3p association with the Sir2-Sir4 subcomplex may be enhanced by an intermediate in NAD hydrolysis, 1-O-acetyl-ADP-ribose (Liou et al., 2005) , or chromatin assembly.
Trimerization: A Role for the Sir2 Family Core Domain Using the same expression system, we have further shown that Sir2p expressed alone forms a stable homotrimer, much like its smaller homolog, Hst2 (Zhao et al., 2003) . Because Sir2p shares little sequence homology with Hst2 apart from the conserved enzymatic core (Figure 2) , we propose that homotrimer formation is characteristic of the core deacetylase domain. This is likely to be true for mammalian enzymes as well, because the mutated proline at aa 394 in sir2L is conserved among higher eukaryotes (Figure 2 ; Frye, 2000) and the human core domain of SirT1 can functionally replace the core of yeast Sir2p (Sherman et al., 1999) .
What evidence do we have that the homotrimeric form of Sir2p is important for repression in vivo? We report here a mutation in the core domain of Sir2p that selectively disrupts homotrimer formation and interferes with nucleolar, but not telomeric, repression (Figures 3  and 4) . The sir2L mutant is, consistently, permissive for Sir2-3-4 complex formation in the Baculovirus expression system but leads to aberrant Sir2p aggregation and a lost of deacetylation activity when expressed alone. Importantly, the defect can be complemented by mixing the mutant sir2 with either wild-type Sir2p or with an enzymatically inactive form of the enzyme, sir2 H364Y . The fact that an inactive sir2 mutant (sir2 H364Y ), which does not support RPE, can combine with a structurally defective sir2 allele (sir2L), to restore RPE, argues that the enyzme works as a multimer for RPE in vivo. The homotrimeric structure that we have identified may be that crucial structure or at least an intermediate in the formation of the RPE repression complex (Figure 7) . Zhao et al. (2003) showed that the N terminus of Hst2p folds back to contact the substrate binding site in an intermolecular fashion, linking adjacent monomers into a trimer and potentially inhibiting activity. We speculate that the N-terminal domain of Sir2p similarly folds back, contacting the core domain of a neighboring molecule within the trimeric structure (Figure 7 ), yet in this case, the trimer is not fully inactivated. Because Sir4p interacts with the extreme N-terminal domain of Sir2p (Cockell et al., 2000) , one might predict that the binding of Sir4p would also interfere with Sir2p homotrimerization (Figure 7) . Indeed, when Sir2p is coexpressed with Sir4p in insect cells, the Sir2p-Sir4p heterodimer is more prominent than the Sir2p homotrimer (data not shown), and if Sir3p is expressed as well, then little or no Sir2p trimer can be detected (Figure 1) . The dominance of Sir4p binding over Sir2p homotrimer formation correlates with increased deacetylation activity of the Sir2p-Sir4p complex and may indicate that the interaction of Sir2p with the other Sir proteins frees its substrate binding site (Figure 7) . No change in acetylated histone residue preference is detected, however.
The ability of Sir2p to form the homotrimer in vitro correlates with a functional Sir2p in rDNA repression. It is clear, however, that in the nucleolus, Sir2p associates with Net1p, and possibly other components such as Lrs4p and Csm1p, in a large RENT complex (Smith et al., 1999; Ghidelli et al., 2001; Rabitsch et al., 2003) . These proteins may also influence Sir2p folding and stimulate enzymatic activity. Thus, although the Sir2p homotrimer correlates with enhanced repression, we do not know whether or not Sir2p will remain a trimer when incorporated with other components into the repressive RENT complex. Alternatively, the Sir2p homotrimer may be an intermediate in the formation of a repressive chromatin structure.
Why Does Purification from Insect Cells Allow
Recovery of an Intact SIR Complex? What distinguishes the Sir purification reported here from the isolation of the complex from yeast cells? We note that Baculoviral infection arrests cells in G2 phase. Despite this, there are no obvious posttranslational modifications on Sir2p or Sir4p from insect cells, although Sir3p shows a small upshift, consistent with its reported modification by MAP kinase (Stone and Pillus, 1996; Ai et al., 2002) . Whereas high levels of phosphorylation may inhibit silencing, low-level Sir3p modification was proposed to enhance HM repression (Stone and Pillus, 1996 ). Indeed, a low level of modification may stabilize the SIR heterotrimer. Virally expressed proteins also accumulate in the cytoplasm, free of chromatin, and can be released by gentle detergent lysis. The insolubility of the chromatin bound Sir complex in yeast is consistent with the hypothesis that the complex changes from a globular to an extended structure upon association with an acetylated substrate (Liou et al., 2005) . Perhaps under these conditions, Sir3p is more readily dissociated from the complex. Reconstitution studies will be required to confirm this hypothesis.
It is intriguing to note that the formation of different Sir2p complexes may form in a mutually exclusive manner, explaining many of the phenomena linked to regulation of TPE, RPE, and HM repression in yeast. Notably, nucleolar-localized fragments of Sir3N or of Sir4-42 are known to interfere with RPE. We propose that these proteins bind Sir2p, thereby reducing the efficiency of homotrimerization and rDNA repression (Smith and Boeke, 1997; Smith et al., 1998; Gotta et al., 1998) . The heterotrimer-homotrimer equilibrium may also respond to metabolic conditions and could explain the subtle drop in lifespan detected in sir3 and sir4 deletion strains . This correlates with a mislocalization of the other Sir partners, which again could interfere with Sir2p function in the nucleolus. These examples demonstrate how mutually exclusive tertiary structures might regulate epigenetic events that rely on common components like Sir2p.
Experimental Procedures
Yeast Strains, Silencing Assays, and IF Strains, plasmids, SIR2 mutagenesis, and tests for complementation and silencing are described in the Supplemental Data. The sir2L mutant is not equivalent to the sir2 394L mutation previously reported, which contained two additional point mutations (Cockell et al., 2000) . Immunofluorescence methods, confocal imaging, and use of affinity-purified rabbit sera were previously described Perrod et al., 2001 ).
ChIP Assays
ChIP assays were performed as described (Cobb et al., 2003) except that immunoprecipitations used 10 ml of affinity-purified rabbit IgG against Sir2p (Perrod et al., 2001) or 5 ml of a mouse monoclonal IgG against HA (12CA5; 1 mg/ml). The precipitated DNA was analyzed by quantitative PCR using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems; Cobb et al., 2003) using appropriate primers (see Supplemental Data). Each reported ChIP value is an average of three independent experiments (6 SD) with the PCR amplification performed in triplicate. Values are normalized to background levels detected with probes for a nonsilent locus (SMC2) after subtraction of a background signal from parallel ChIP assays on the same strain lacking the target protein.
Baculovirus Expression and Purification of Recombinant Proteins
Recombinant proteins expression in insect cells and their affinity purification are described in detail in the Supplemental Data.
Sucrose Gradient Analysis
Sucrose density gradient centrifugation was performed as described (Tanese, 1997) . Samples were layered onto 4 ml 0%-30% (w/v) sucrose gradients containing 50 mM Tris-Cl (pH 8.0), 0.1 mM EDTA, 10% glycerol, and 0.15 M NaCl. Proteins were sedimented in an SW60 rotor for 16 hr at 35,000 rpm at 4ºC. One-hundred microliter fractions were collected and analyzed by SDS PAGE. A high molecular weight native protein kit (Amersham) was used to calibrate the gradients.
Deacetylation Assays
Expression and purification of histone octamer was carried out as described (Luger et al., 1999) . The histones were chemically acetylated with acetic anhydride (Parsons et al., 2002) , and deacetylation reactions were performed for indicated times at 30ºC in 25 mM TrisCl (pH 8.0), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2, and 6125 mM NAD. Reactions were separated by 15% SDS PAGE, and total histone protein recovery was detected by Coomassie blue staining. Quantitative analysis of histone deacetylation was detected by Western blotting with antibodies against specific acetylated H4 or H3 (Upstate Biotechnology, Lake Placid, NY).
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, Supplemental References, three figures, and one table and can be found with this article online at http://www.molecule.org/cgi/ content/full/21/6/---/DC1/.
